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Kronatpr. Richar~tE oee.CalsF TTCagrn l. The luminance and red-green cthromatic detection mechanisms respond to, respectively, the sumn and difference of the long-w-.;ve (L) and middle-wave (M) zone contrast signals. The m~ost-detectable stimulus is not a smnall] patch of luminance drifting grating, as sug~gesited by others, but rather a small1, foveal red-green chromatic flash. Even at the smallest test size examined, 2.3' diameter, the red-green mechanism i~s more sensitive than the luminance mechanism, which has profound implication for visual physiology. When a suprathreshoid luminance flash (0 'edcstL:) occurs coinc identally with a red-green chromatic flash, detectiona of col-or is facilitated ,2-fold, regardless of spot size, as shown by forceGi-choice results, an,! this constant facilitation contrasts wi~th the much larger facilitation reported earlier for small flashes.
The lack of chromati~c masking by suprathresholJ luminance pedestals sunrorts the view of separable luminance and red&.green detectors.
(cont 'd) 
Abstract (cont'd)
Isolation of the red-green mechanism with large test flashes on different colored backgrounds showed that the red-green mechanism responds to an equallyweighted difference of L and M cone contrast on each background. Even for fields as low as 400 trolands, sensitivity is controlled by cone-selective adaptation (as well as second-site adaptation), which is surprising in view of recent physiological recordings 3uggesting that ligbt adaptation in cones is insignificant below 2000 trolands.
Motion mechanisms receiving L and M cone signals were studied with I cpd, flickering and drifting gratings.
At low velocity, a spectrally-opponent (SPO) motion mechanism is more sensitive than the luminance (LUM) mechanism, which summates L and M signals.
The SPO mechanism has equal L and M contrast weights at low velocity but is L-cone dominated at intermediate and high velocity, whereas the LUIM mechanism shows the reverse pattern of weights.
The SPO motion mechanism appears distinct frown a red-green hue mechanism, for the latter has balanced L and M inputs at all temporal frequencies. The two motion mechanisms can be distinguished by the relative phase shifts of the L and M inputs: large shifts are seen for the LUM mechanism at intermediate frequency (4-9 Hz), where SPO shows very little shifts.
Abstract
The luminance and red-green chromatic detection mechanisms respond to, respectively, the sum and the difference of the long- Earlier results by Hilz, Huppman and Cavonius (1974) indicated that larger facilitation factors can be obtained with smaller spots. Our experiments with small spots failed to confirm this-the factor of 2 persists for spots as small as 2' dia. The inability to find a larger facilitation places severe demands on both observers and apparatus in trying to define the spat' _ dependence of the facilitation process. After repeated .-empts to get sophisticated, affordable equipment operable, we pursued related research objectives.
These research projects a~e detailed in sections to follow in a format which emphasizes the physical parameters, the physiological substrate, the underlying coherence of the projects and their relation to the work of other investigators. In brief summary, we have:
Project 1, generating foveal detection data for spots smaller than 10. We found that the chromatic mechanism is more sensitive than the luminance mechanism down to at least 2'. Even when test duration is optimized for minimum contrast energy, the chromatic mechanism wins. Chromatic facilitation by the luminance pedestal is never much grea.er than 2-fold.
Project 2, extending chromatic spot detection to the peripheral retina.
The reduced sensitivity to green, compared to red, beyond about 80 eccentricity is shown to reside in the postreceptoral chromatic processing mechanism.
Project 3, defining the adaptation process which underlies Weberian control of detection sensitivity. By generating extended detection contours corresponding to the sensitive red-green chromatic mechanism on a variety of colored adapting fields, we find the most parsimonious explanation for the data to be conespecific Weberian adaptation followed by second-site decrease in sensitivity for fields different from a yellow of about 580 nm.
Project 4, exploring the perception of motion via the L and M cones using 1 cpd sinusoidal gratings. We find in addition to the anticipated luminance motion mechanism (LUM), a second motion mechanism in which the L and M cones are combined in spectral opposition (SFO 
contours we might _xpect to obtain. The red-green mechanism (as shown by the 'chromatic detection contour') responds to an equally weighted differen~ce of L and M cone contrast--hence the detection contou, has a slope of -1.0, given by equation aAL/LbAM/M-constant where a =-b, whereas the luminance mechanism responds to the sum of L and M tone contrasts.
For a large flash of 10 diameter (Cole et al., 1990) , rensitivity is about 10x high',sr for the chromatic flash (in the -450 vector direction) than for the luminance flash (+450 vector), as indicated by the chromatic contour being 10x
closer to thc origin than the threshold for the luminance flash
As shown in Fig. 2b , when the test flash is reduced to 10' and 51 diameter, chromatic sensitivity is still better by a factor of 4 and 3. The small red and green flashes appeared reddish and gr'eenish ant threshol.d---the f..ashes, could be identified with the same accuracy with which they could be detected, thus demonstrating detection via a chromatic mechanism. Having revealed isolation of the red-green mechanism at small spot site, we then varied the duration of both the luminance and chromatic flashes to find the duration that yielded the lowest cone contrast energy threshold. As shown in Fig. 3a and 3b, the luminiance and chromatic thresholds are lowest at durations of -60 and 100 ms respectively.
Then using these optimal durations, we sought the spot size that yielded the lowest energy Lhreshold (Fig. 3c) . Our optimal luminance spot is -10' diameter and 60 ins duration, similar to that of Watson et al., whereas our optimal chromatic spot shows somewhat higher integration: -15' diameter and 100 ins durationl. Surprisingly, the optimal chromatic spot is detected 5-9 fold better than our best luminance spot and 3-8 fold better than
Watson's optimal luminance stimulus--the small patch of drifting grating.
The high sensitivity to color can be explained by properties of the retinal P, color-opponent cells: their prevalence, high chromatic gain and noise characteristics,
provided that the signals are effectively summed.
We have pursued these small spot experiments, decreasing the flash to even smaller size and also examined possible suprathreshold interactions of the luminance and red-green mechanisms. As a preliminary step, we examined whether the Smith and Pokorny L and M cone fundamentals tabulated for the central 2-foveal area, apply adequately at small spot size. If the cones are longer near the center of the fovea, the optical density may change, thereby significantly modifying the shape of the cone spectral sensitivities via self-screening. Large effects of this sort are suggested by earlier work of Pokorny et al. (1976) . We performed extensive Rayleigh matches with small fields, and observed that in going from a 116' to a 19' field, the effective change in optical density is only -10%--a factor sufficiently small that we used the unmodified cone fundamentals to represent our data at small spot size.
Our threshold measurements are presented in the enclosed paper "Separable red-green and luminance detectors for small spot size" (Chaparro et al., 1994a, Vision Research, In press ). We observe that the red-green mechanism responds to the difference of equally weighted L and M cone contrast down tj the smallest size we used (2.3' diameter). At this small size, the red-green mechanism is still -2x more sensitive than the luminance mechanism for two of the three observers. Hood and Finkelstein (1983) when the test and pedestal are both chromatic or both luminance.
In Fig. 5 , there is the strong effect of subthreshold pedestal polarity, indicating subthreshold summation within a single mechanism--either chromatic or luminance.) Returning to Fig. 4 , we observe that once the luminance pedestal just exceeds threshold, the chromatic threshold descends by a factor of -2x (facilitation) and intense luminance pedestals do not produce masking. We believe the results show an essential separability of a test into luminance and chromatic components. field; on a red field, for example, green chromatic flashes are not more detectable than red (Stromeyer et al., 1985) .
However, many studies in peripheral retina report that green hues are reported less often than are red (see refs. Stromeyer et al., 1992a) , suggesting that green sensations may be selecti\ Aly We measured the red-green detection contour for a 2.20 foveal flash on a large adapting field of 400 trolands, which was either green, yellow or red. Flashes were first plotted ( Fig. 9 and 10) in absolute coordinates for Lv cone trolands (M td) and L cone trolands (L td). The total illuminance change produced by the test flash is the sum of AN td and AL :d produced by the flash (Fig.  9) . Thus the equiluminant flashes lie along the -450 diagonal, since a change in AL td is balanced by an equal and opposite change in AM td.
The dashed line in Fig. 9a shows the expected red-green contour on a yellow field--the contour is straight since the mechanism responds to the linear difference of L and M cone stimulation. Figure 9b shows how the contour is expected to shift on a red adapting field and on a green adapting field if there is cone-selective adaptation. Since the red field exposes the L cones to higher effective illumination than the M cones, the L cones will be more desensitized. This will elevate the threshold for L-cone test flashes, thereby flattening the contour. The green field is expected to have the opposite effect of steepening the contour. Detection contours were measured for both green and red chromatic flashes, and straight contour were fitted tg the data (Fig. 10 ). We transformed the data in Fig. 10 into cone contrast coordinates (Fig. 12) . If the L and M cones adapt in proportion to the degree that they are stimulated by the adapting field, then the L and M contrast signals might contribute equally on each adapting field. This implies the contour slope will be approximately 1.0 for each colored background, as we observe. Had the cones not adapted then the slopes would vary over a range of 6-fold, since changing background color changes the mean L/M background ratio by 6-fold (Fig. 10 ).
An interesting feature in Fig. 12 , is that the contours are displaced outward on the red field. This further decrease in sensitivity (over and above the cone-selective adaptation), which dependent on field color, is likely caused by second-site adaptation--a partial response saturation at an opponent site where the L and M cone signals are differenced (Pugh & Mollon, 1979; Stromeyer et al., 1985) . • field is 400 trolands, the effoctive cone illumination is often much lower; the 610 rin 4 .ield for example produces only about 60 M
td and yet the M cones adapt. This adaptation possibly occurs in the cones per se, or, at least, at stages prior to the P red-green ga.nglion cells, which may have cone-selective interneurons (Reid & Shapley, 1992) .
We are preparing a more complete report using a larger range of adapting chromaticities and luminances. A major goal is to factor out the role of second-site adaptation sc that we can look at the role of cone-selective adaptation over an extensive adapting range.
Project 4. Contribution of L and M cones to the detection of motion.
It has often been suggested that rootion is detected by luminance pathways, with chromatic pathways conveying little sense of motion (LJIvingstone & Rubel, 1987) . If these luminance pathways are indeed more sensitive for motion, tnis should be evident by measuring detection contours in L-and M-cone contrast space. modulation is symmetric about the mean.
We measured forced-choice thresholds for both detecting the presence of the pattern and detecting its direction of motion (identifying whether the pattern moved left versus right). Figure   14 (from shows measurements for a slow drift velocity of 1 deg/sec (or 1 Hz). Thresholds for detecting the pattern are about 8x lower in the -45) chromatic direction (less than 1/10% contrast is needed) than in the +450 luminance direction.
In the luminance direction motion can be seen nea. the detection threshold, whereas in the chromatic direction, contrast must be -l.6x above the detection threshold to see motion.
Clearly, the most sensitive motion mechanism here is chromatic and not luminance.
Although at 1Hz the chromatic detection and motion thresholds contours parallel each other, as velocity is increased the two contours diverge. We believe the chromatic detection contour in We obtained a similar red-green contour of slope -1.0 for patterns drifting from 1 to 15 deg/sec, using an explicit hue criterion where contrast was adjusted so red and green hue was just apparent . Over this same velocity range the contour for motion detection steepened considerably: at 1 deg/sec the slope is .-1.0 (Fig. 14) , whereas at 9 deg/sec, it is almost vertical (Fig. 15) We have developed techniques to separate the LUM and SPO motion mechanisms (even when one mechanism is much less sensitive than the other), in order to assess the relative L and M contrast weights and relative L and M temporal phases within each of the two motion mechanisms. We use a quadrature protocol (Stromeyer et al., 1984 for this purpose. Figure 16 shows profiles of two counterphase flickering gratings, of the same spatial and temporal frequency, that are summed with a spatial and a temporal phase difference of 90 deg (they are in spatial-temporal quadrature phase). If the two patterns were, for example, identical luminance gratings, the sum would produce a simple right-moving pattecn.
Inverting the temporal phase of one pattern relative tc the other produces reversed, left motion. Now imagine we could choose the spectral composition of each pattern (its vector orientation in cone-contrast space) so that one pattern stimulated only the luminance motion mechanism (LUM) and the other only the spectrally-opponent motion mechanism (SPO). Each mechanism would signal a standing-wave with no net left or right motion. Both patterns must stimulate a common mechanism to produce motion. Now let us consider how this technique can be used to measure the less-sensitive LUM mociion mechanism at i deg/sec (Fig. 14) . We orient the cone-contrast vector angle of one counterphase pattern to be parallel to the SPO motion contour. Since the angle is parallel to the SPO contour, the pattern does not stimulate SPO, but does stimulate LUM. We call this counterphase pattern the 'pedestal'--it is kept weak and constant for the experiment. We add, in spatial-temporal quadrature to the pedestal, various counterphase 'test' patterns having different red-green light mixtures (Fig. 17) , and measure the test contrast required for discriminating left versus right motion. Figure 18 shows a series of thresholds determined in this manner--this gives the LUM contour slope. Knowing Chis slope, we can also perform the converse experiment, to measure the SPO contour: we now orient the pedestal slope parallel to the LUM contour, and obtain the thresholds in Fig. 19 . Figure 20 shows the slopes of the SPO and LUM motion mechanisms obtained with the quadrature protocol and compares them to direction thresholds for simple moving gratings.
The SPO contours are similar with both procedures, but the less sensitive LUM contour can only be revealed with the quadrature protocol.
We used the quadrature protocol to measure the L and M weights in the LUM mechanism: at low velocities the L weight predominates over M, whereas at high velocities the weights are more equal. A similar variation in L and M weights with temporal frequency has been observed in retinal M-ganglion cells (Lee et alo, 1989) . Thus a single equiluminant (motion null) setting is not valid at all temporal frequencies---the motion 'photometric' null varies with temporal frequency. (Smith et al., 1992) . These large phase shifts have important consequences for other investigators, for they indicate that high-contrast nominally 'equiluminant' redgreen drifting gratings may directly stimulate the luminance mechanisms. Since the L signal lags M, the 'equiluminant' red and green stripes will not be in effective antiphase--thereby introducing a luminance component.
Preliminary observations suggest that these phase shifts largely disappear when we raise the spatial frequency from 1 cpd to 2 cpd. The large phase shifts in M-ganglion cells are caused by the receptive field surround (Smith et al., 1992) , and the higher spatial frequency may better isolate the center response of the receptive field. Similar measurements of SPO at 1 cpd show only very small phase shifts.
While our data suggest that there are two motion pathways with distinct properties, LUM and SPO, much work remains to understand how signals from these two pathways combine at suprathreshold levels.
